The tetracycline resistance determinant of RAI was cloned. It consists of at least two genes oriented with opposite polarity, tetA for resistance and tetR for regulation. The transcriptional control sequence was identified and analyzed. It consists of overlapping promotors with divergent orientation and a tandem arrangement of operators. Nucleotide sequencing revealed two open reading frames. One codes for a protein which was identified as a Tet repressor by comparing its primary structure with those of other Tet repressors. The RA1 tetR gene codes for 218 amino acids with a calculated molecular weight of 24.4 kDa. In the primary sequence of the RA1-, pSC.101-, TniO-, and RP1/Tn1721-encoded Tet repressors, 361 of the amino acids are identical. This homology is clustered within the first 150 amino acids, 49% of which are identical among all four proteins. These results are discussed with respect to their structure and function in comparison to other DNA binding proteins.
INTRODUCTION
Tetracycline (Tc) resistance (Tc R ) in gram negative bacteria is mostly plasmid-encoded and achieved by a general mechanism involving active efflux of Tc from resistant cells (1, 2, 3, 7) . This is probably associated with an inner membrane protein of an apparent molecular weight around 36 kDa. Expression of this protein is inducible by subinhibitory amounts of Tc (4, 5, 6) . Tc" determinants can be divided into four different classes (2) . Recent evidence concerning the frequency of Tc" determinants in natural populations suggests that classes A through C are the most prominent determinants whereas a class D gene was not found in that study (4).
It has been shown that the Tc determinants of classes A, B, and C originating from RP1/Tn1721, Tn^O, and pSC.101, respectively, consist of at least two genes, namely the resistance gene tetA and the regulatory gene tetR which are oriented with opposite polarity (8, 9, 10) . They are transcribed from divergent overlapping promotors located in a shared regulatory sequence (10, 11, 12, 13) . Analysis of their genomic structures on the nucleotide level revealed homologies suggesting a common origin of these determinants (11, 14, 15, 16, 17, 18) .
In this article we describe the cloning of the class D Tc R determinant located on RA1. We identify and determine the regulatory sequence, show the existence of tetA and tetR genes with divergent polarity and report the nudeotide sequence of the tetR gene. The deduced amino acid sequence is compared to those of the three other Tet repressors.
MATERIALS AMD HETHODS
E.coli J53-1 containing RA1 was obtained from Naomi Datta. RA1 DNA was prepared by a published procedure (19) . Restriction endonucleases were from BRL, Bethesda, Md., and DNA polyraerase I Klenow fragment and dNTPs were from Boehnnger, Mannheim. Filling in of 5'-protruding ends was as described previously (19) . Electrophoresis of Tet repressor • DNA complexes was as described (20) . The nucleotide sequence of RA1 DNA was determined by the method of Maxam and Gilbert (21) with the modifications described earlier (14). In order to facilitate sequencing DNA fragments were subcloned into pUR222 and pUR250 (22, 23) . Some of the DNA fragments did not give rise to stable plasmids when inserted into these vectors, but-were found to be stable when cloned into pVH51 (24). In order to combine the convenient sequencing properties of pUR250 with the stability of pVH51 the polylinker sequence from pUR250 was cloned into pVH51. This construction was done by digesting pUR250 with HindiII, filling in the protruding ends and redigesting with EcoRI. The polylinker sequence was eluted from a polyacrylamide gel and inserted between the Hindll and icoRl sites of pVH51. The resulting plasmid, pWH802, did not show any instability after the insertion of RA1 DNA. In vitro transcription and the determination of the length of run off transcripts was done as described earlier (13).
RESULTS AND DISCUSSION
Cloning of the RA1-encoded Tc R determinant RA1 DNA was partially digested with Haelll to give a size average of 3 kbp.
This mixture was ligated into the filled in EcoRI site of pVH51 (19), transformed to E.coli C600 and selected for Tc R on TYE plates containing 10 ug/ml Tc. The cloning scheme is outlined in Fig. 1 . Candidates were screened for Tc inducibility by determining the resistance level with and without preincubation with 0.5 ug/ml Tc as described (2) In order to analyze the promotor activity of this Tc gene control region (13) and the result is given on the left. The vertical bar represents the DNA template. E is EcoRI, S is Sau3A, B is BamHI, and H is Hindi 11. The two thick boxes represent the tandem operators. Heavy arrows indicate the start area, length and direction of in vitro transcripts. reading frame reveal homo logy to tetA genes from classes A, B, and C (11,14, 15,17) (data not shown). Therefore, it is concluded that this is the tetA reading frame and that the Tc R determinant of class D on RA1 has the same genetic structure as found in classes A, B, and C (8,9,10).
The shared regulatory sequence for tetA aand tetR is shown in Fig. 6 . The in vitro transcription results suggest the existance of three overlapping promotors. Two promotors are directed towards tetA, the resistance gene, and a single promotor transcribes towards tetR, the repressor gene. The approximate mRNA start points are indicated in Fig. 6 . The respective -10 and -35 consensus sequences are also indicated in Fig. 6 . They further support the existence of three promotors in this sequence. Three promotors have also been located in the transcription control region of the Tn_H)-encoded Tc R determinant. In that system, however, two promotors are directed towards tetR and one points towards tetA (13,14.25).
A tandem repeat of a palindromic sequence overlaps the three promotors. A very similar arrangement was found in the Tn^O-encoded Tc R control region (13, 25) and suggests that these sequences are the functional tet operators. In Fig. 2 it is shown that DNA fragments containing this sequence form specific complexes with the Tn_1£-encoded Tet repressor, which also supports the notion that they are transcription control elements.
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Comparison of the RA1-encoded Tet repressor with the ones from classes A, B x and C Fig. 7 shows a comparison of the deduced primary sequences of four Tet repressors encoded by the four classes of Tc determinants. The class A sequence is from RP1/Tn1721 (11), the class B sequence is from Tn_l£ (16), and the class C sequence is from pSCIOI (10, 18) . TTi e sequences are aligned with their start codons which results in identical araino acids at 74 positions in all four proteins. The four proteins differ in length from 207 to 219 amino acids. In the four repressor proteins 36% of the amino acids are identical and 49% are isofunctional. This horoology is clearly clustered in the first 150 amino acids of the Tet repressor proteins. In these positions 49% of the amino acids are identical and 65% are isofunctional. Therefore, it may be speculated that the functional domains for DNA and Tc binding are located within the first 150 amino acids. In contrast, deletions in the C-terminal coding regions of the Tn1721-(8) and TniO^encoded (16) tetR genes result in constitutive expression of tetA. This would suggest that these positions of the proteins are essential for either DNA binding activity or protein stability. In fact, if one allows small gaps in the amino acid sequences, some homology is observed in the Cterminal regions (comparison not shown).
Comparison of the Tn_10-encoded repressor sequence to those of other DNA binding proteins has been presented elsewhere and suggests that the DNA binding domain is located in the N-terminal region (16). The same result is obviously obtained with all four Tet repressor proteins. Structural analyses of other DNA binding proteins revealed a common structural motif for DNA binding consisting of an ahelix -turn -ahelix arrangement (26). Application of a theoretical treatment predicting the secondary structure from the amino acid sequence (28) reveals that the N-terminal region of the TnH^-encoded Tet repressor has the potential of forming an ahelix -turn -ahelix DNA binding domain. The fact that most of the amino acids in this region are identical or isofunctional in the four Tet repressor sequences (Fig. 7) suggests that this result can be extended to all four proteins. In particular the Leu Gly Val homology at the turn between the a helices is conserved except in the case of the RA1 -encoded Tet repressor where the sequence is Leu Gly He (Compare positions 34 to 36 in Fig. 7 ). This sequence is very smilar to the respective sequences in other DNA binding proteins (26).
Specificity of DNA binding is conferred by the amino acids forming the two For this comparison amino acids are subdivided into four groups, namely hydrophobic, hydrophilic, basic, and acidic. helices. Since the Tet repressors recognize similar DNA sequences (10, 11, 12, 14, 25) they also show extensive homology in the amino acids forming the potential a helices (pos. 27 to 33, and 38 to 46 in Fig. 7 ). Based on these results it is very likely, that the DNA binding domains of the four Tet repressors are located in the N-terminal regions.
Conclusions regarding the Tc binding domain are not obvious from these sequences. This will require biochemical analysis for a least one of the four proteins. Table I gives a detailed analysis of the homology of the four tetR genes on the nucleotide and amino acid levels. Two classes of tetR sequences can clearly be distinguished by all three criteria. The class A and C tetR genes seem to be more homologous than the class A and B and class A and D combinations. Also, the class B and D tetR genes are significantly more homologous than the other class B combinations. Both, class A and C and class B and D are around 60% homologous with each other on the nucleotide and amino acid level and show more than 70% isofunctional amino acids at the same positions. The average values for the other combinations are around 45% and 65%, respectively. The same result has been reported for the tetA primary sequences known so far (11). The class A and C tetA proteins share about 78% identical amino acids whereas the homology to class B is only around 45% (11).
Another level of comparison of these four genes is their codon usage. This is known to vary among different organisms (27). Table II shows the condon usage of the tetR genes from the four Tc R classes. No striking differences exist in the codon usage of these genes when compared to each other. If anything, it may be noted that the class A-class C and class B-class D similarity is also found for some codon distributions, e.g. His, Lys, and Asp. However, other cases like Ala and Glu are contradictory to this hypothesis and the bulk of the amino acids do not show significant differences in their codon usage.
In conclusion, these data suggest that Tc R determinants in gram negative bacteria may share a common evolutionary origin which developed into class A/C and class B/D precursors which then divided into the four classes characterized to date (2) .
